Abstract. We report on the measurement of the CKM angle γ in B ± → DK ± decays with the BABAR detector. A general overview of different methods of analysis and a critical discussion of the most sensitive methods are presented here.
Introduction
CP violation (CP V ) was first established in K L → π + π − decays in 1964 [1] . It has been accomodated in the Standard Model (SM) by a CP -violating phase in the matrix that describes the mixing of the quarks under the weak interaction, known as the CKM matrix [2] . The unitarity constraints of the CKM matrix gives us V ud V * ub + V cd V * cb + V td V * tb = 0, the so-called Unitarity Triangle relation, represented in Fig. 1 . CP V is proportional to the area of the triangle and requires that the angles and sides are different from zero. The primary goal of the B-factories is the study of CP violation in the B d and B u meson system. Overcontraining of the Unitarity Triangle parameters, measuring the sides and the angles of the triangle, represents one of the most stringent tests of the SM. The precise measurement of the angle γ ≡ arg(−V ud V * ub /V cd V * cb ) is a crucial goal for this scientific program, yet it is also one of the most difficult to achieve. a on behalf of the BABAR collaboration.
General overview of the methods
There are several decay modes that can be used to measure the angle γ, each with its own merits and drawbacks.
In B ± → DK ± decays 1 , if we consider the decay modes of the neutral D meson that are accessible to both D 0 andD 0 , we can reach the final state through two different quark-level processes, as shown in Fig.2 . The interference between the two quark-level processes b → ucs and b → cūs (respectively B − → D 0 K − and B − →D 0 K − ) introduces a relative phase γ in the decay amplitude.
By neglecting the D 0 −D 0 mixing [3] , it is possible to determine the angle γ without hadronic uncertainties, since the main contributions to the decay amplitude come from tree-level transitions. Several decay modes can be 
studied, including B
± → DK ± , B − → D * K − and B − → DK * − , which have the same quark-level process in common. In the following, whenever we write
we intend all the above-mentioned decay modes, unless explicitely stated. Three different analysis methods have been used so far:
-GLW method [4] : where the D is recontructed in CP eigenstates (D 0 CP ) decay modes. -ADS method [5] : with D reconstructed in doubly Cabibbo suppressed decay modes. -Dalitz method [6] : where the D is reconstructed in 3-body final states and the angle γ is extracted through an analysis of the distribution of the events in the D Dalitz plane [7] .
The sensitivity of the different methods to γ depends on the magnitude of the ratio
of the b → ucs amplitude with respect to the b → cus one. The value of r B is a key quantity which has a significant impact on the ability to measure the CKM angle γ at the B-factories and beyond. Note that r B takes different values for different B decays. Theoretical expectations for r B are in the range ≈ 0.1 − 0.2 [4, 8] , in agreement with the 90% C.L. upper limits on r B set by BABAR (r B < 0.23) [9] and Belle (r B < 0.18) [10] through the study of
3 The GLW method:
Decays
This method considers the B ± → DK ± decays , where the D decays to a CP eigenstate. The CP observables are:
where δ B is the strong phase difference between the V ub and the V cb mediated amplitudes. Here,
are the CP eigenstates of the neutral D meson system. The main advantage of this method is that γ can be extracted in a theoretically-clean manner if one reconstructs D 0 CP -even and D 0 CP -odd decays. In fact, the number of unknowns is three (r B , γ, δ B ) and we have three linear independent observables. However, an 8-fold ambiguity on the value of γ is not resolved since the ambiguities on (γ, δ B ) → (δ B , γ) and on the sign of sin γ, which admits four different solutions, are indistinguishable. In principle, carrying out analyses for the different decay modes of
± , makes it possible to solve the ambiguity on the magnitude of sin γ, since each of the decay modes has the same weak phase γ but a different final-state phase difference δ B . The event yield is similar for the CP -even and the CP -odd decay modes -almost 150 signal events with the present statistics in B ± → DK ± decay modes. Fig. 3 shows the ∆E distribution for the signal and background events of the reconstructed modes:
Here, ∆E is the difference between the measured B meson energy and the energy of the beam in the center of mass system, and peaks near zero for signal events.
The total reconstruction efficiencies, based on simulated signal events, are 30-40% for the D 0 CP + modes and 10-20% for the D 0 CP − . Experimentally, the R CP ± ratios are computed using the R CP ± ≃ R ± /R relations, where the quantities R and R ± are defined as:
.
Systematic uncertainties are canceled out in the measurement of these double ratios. The results for the R CP and A CP observables using BABAR data [11] are reported in Table 1 . The precision of these measurements does not significantly constrain the value of γ, but when combined with the existing measurements of the
decays, it will improve the knowledge of the angle γ and of the parameter r B . In the ADS method, the favored B decay (
. As a result, the two interfering amplitudes become comparable. The CP asymmetry is potentially larger in these modes than in the GLW method, however the decays have a smaller branching ratio, on the order of 10 −7 . The observables sensitive to the CP parameters are
where δ D is the relative strong phase in the D 0 decay and
is the magnitude of the ratio of the amplitude of the doubly-Cabibbo-suppressed D 0 decay to that of the Cabibbo-allowed one. The value of r D has been measured to be r D = 0.060 ± 0.002 [12] .
In this method, each B decay mode has two indepedent equations (R ADS , A ADS ) that cannot be solved for three unknowns (r B , γ, δ B + δ D ). In order to determine the value of γ, for a given B decay mode it is necessary to reconstruct at least two different D 0 decay modes, such as
In the case of two D 0 decay modes, it is possible to extract the value of γ up to a 16-fold ambiguity, while in the case of three D 0 decay modes there remains a 4-fold ambiguity [5] .
The addition of different B decay modes is helpful to constrain the value of γ. Particularly interesting are B − → D * K − decays, where the D * is reconstructed in D 0 π 0 and D 0 γ. In fact, there is an effective strong phase shift of π between the two cases [13] , leading to two different R * ADS expressions: 2 Here and in the following the '*' symbol indicates that the specified value refers to the
where R * ADS,Dπ 0 (R * ADS,Dγ ) is the charge-independent ratio for the
it is straightforward to determine the value for r B through the relation
In Fig. 4 it is shown the m ES distribution with fit model overlaid for candidate signal events. With the present statistics there is no evident signal in B ± → D ( * ) K ( * )± decay modes at the B-factories. The experimental observables R ADS have been measured in B ± → D ( * ) K ( * )± decays and they were found to be consistent with zero. However, it is possible to set an upper limit to the value of r B as shown in Fig. 5 . The summary of the results is reported in Table 2 . Table 2 . Measured charge-independent ratios RADS for B ± → D ( * ) K ( * )± decay modes. Where a single term for the error is specified, it includes the statistical and the systematic contribution, otherwise the first error is statistical, the second is systematic. The 90% C.L. limits reported are evaluated without any assumptions for the values of γ and δB + δD. The result for B ± → DK * ± is obtained combining the ADS and GLW measurements.
0.046 ± 0.031 ± 0.08 0.28
In the previously described methods, if the relative strong phases δ B vanish, the sensitivity to γ is significantly reduced. In general, having large interfering amplitudes with relatively strong phases enhances the sensitivity to the phase γ. The main advantage of the method [6] is that it involves the entire resonant structure of the
− three-body decay, with interference between doubly-Cabibbo-suppressed, Cabibbo-allowed and CP -eigenstate amplitudes all providing the sensitivity to γ. No branching ratio measurements are needed and only charged particles are involved in the final states, which results in a ± → DK ± decays with the BABAR detector: status and prospects higher reconstruction efficiency and low background. The price to pay is that it requires a detailed study of the resonances and their interference through a Dalitz plot technique [14] .
Unless otherwise stated, we use the term "Dalitz plot" to refer to the allowed kinematic region in the two-dimensional squared space m Let us focus on the following cascade decay
3 In the following discussion we neglect D 0 −D 0 mixing, which is a good approximation in the context of the Standard Model [6] . using the notation of Giri et. al. [6] to define the amplitudes
The same definitions apply to the amplitudes for the CP conjugate cascade
+ with the change of weak phase sign γ → −γ in (2). We have set the strong phase of A B to zero by convention, so that δ B is the difference of strong phases between the two amplitudes. The value of |A B | is known from the measurement of the B − → D 0 K − decay width using flavor specific de-
is color suppressed and cannot be determined from experiment in this way [5] .
Assuming CP is conserved in
, we define the decay amplitude of the
where
As a consequence of parity and angular momentum conservation in the B − → D * K − decay, the factor κ takes the value +1 for 1450), we use the functional form suggested in Ref. [16] , while the remaining resonances can be parameterized by a spindependent relativistic Breit-Wigner distribution [12] . An analogous phenomenological approach is represented by the K-matrix formalism [17] , which provides a direct way of imposing the unitarity constraint that is not guaranteed in the case of the BW model and is suited to the study of broad and overlapping resonances in multi-channel decays. In the D 0 → K 0 S π + π − decay, the K-matrix method is suited to solve the main limitation of the Breit-Wigner model to parameterize the ππ S-wave states [18] , thus avoiding the need to introduce the σ scalars.
The where F 1 (s) is the contribution of ππ S-wave states,
Here, s is the squared mass of the ππ system (m 2 π + π − ), I is the identity matrix, K is the matrix describing the S-wave scattering process, ρ is the phase-space matrix, and P is the initial production vector [19] . The index j represents the j th channel (1 = ππ, 2 = KK, 3 =multi-meson 4 , 4 = ηη, 5 = ηη ′ [20] ). The K-matrix parameters can be obtained from Ref. [20] from a global fit of the available ππ scattering data from threshold up to 1900 MeV/c 2 . The BABAR analysis uses, as a "nominal" model, the isobar model, which consists of 13 resonances leading to 16 two-body decay amplitudes and phases (see Table 3 ), plus the non-resonant contribution.
All the resonances considered in this model are well established except for the two scalar ππ resonances, σ and σ ′ , whose masses and widths are obtained from our sample. Multi-meson channel refers to a final state with four pions. 5 The σ and σ ′ masses and widths are determined from the data. We find (in MeV/c 2 ) Mσ = 490 ± 6, Γσ = 406 ± 11, M σ ′ = 1024 ± 4, and Γ σ ′ = 89 ± 7. Errors are statistical.
0.056 ± 0.071 ± 0.007 ± 0.023 x+ −0.072 ± 0.056 ± 0.014 ± 0.029 y+ −0.033 ± 0.066 ± 0.007 ± 0.018 x * − −0.106 ± 0.091 ± 0.020 ± 0.009 y * − −0.019 ± 0.096 ± 0.022 ± 0.016 x * + 0.084 ± 0.088 ± 0.015 ± 0.018 y * + 0.096 ± 0.111 ± 0.032 ± 0.017 Table 4 . CP -violating parameters x holds. Experimentally, it was demonstrated that x ∓ and y ∓ are well-behaving fitting parameters that are unbiased with gaussian errors [21] .
The results for the CP variables, using 347 million of BB events recorded with the BABAR detector, are reported in Table 4 [22] . The results of the fit are represented showing the 1σ and 2σ two-dimensional counters in Fig. 7 .
A frequentist (Neyman) procedure [12, 23] has been adopted to interpret the measurement of the CP parameters (x . For a given p, the fivedimensional confidence level C is calculated by integrating over all points in the fit parameter space closer (larger PDF) to p than the fitted data values. The one-(two-) standard deviation region of the CP parameters is defined as the set of p values for which confidence level C is smaller than 3.7% (45.1%). . From the one-dimensional projections we obtain for the weak phase γ = (92 ± 41 ± 11 ± 12)
• , and for the strong phase differences δ B = (118 ± 63 ± 19 ± 36)
• and δ * B = (−62 ± 59 ± 18 ± 10)
• . No constraints on the phases are achieved at the level of two standard deviations and beyond. Similarly, for the magnitude of the ratio of decay amplitudes r B and r * B we obtain the one (two) standard deviation constraints r B < 0.140 (r B < 0.195) and 0.017 < r ± → DK ± decays with the BABAR detector: status and prospects [12] with the exception of K * 0 (1430) + taken from [24] . The fit fraction is defined for the resonance terms as the integral of a error is statistical, the second systematic and the third is due to the parametrization of the
Nicola Neri: Measurement of the CKM angle γ in B ± → DK ± decays with the BABAR detector: status and prospects 7 6 Combined measurements of γ and projections for the future The Dalitz method has the best sensitivity to γ with the current statistics, but it is still not possible to precisely determine the value. Combining the results of several methods and different B ± → D ( * ) K ( * )± decay modes enlarges the sensitivity to the angle γ. The measurement is dominated by statistical error, but more data will improve the precision. The projections for the measurement are highly dependent on the value of r B , hence, it is difficult at this point to make predictions for large statistics. However, it is possible to make predictions by choosing a specific value for r B . In Fig. 9 we show the projection for the Dalitz method and for the combined measurement of the Dalitz method, GLW and ADS, assuming r B = 0.1. In this scenario, by combining different methods it will be possible to measure the angle γ with 10
• error with a 1 ab −1 data sample, which is within the reach of the BABAR experiment.
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